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conditions on the products , v) chemfluminescence emission , and v i ) independent
generation of proposed Intermediates. These studies show that the chemilumi nescence
of ‘1 does not proceed by the one of the classical mechanisms. We propose a
new general chemica1 light producing scheme i denti fied as chemically Initiated
electron exchange luminescence.
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~~~ The thermal reactions of diphenoy l peroxide (,~,) we re probed.
It was found that when was heated at 24° for 24 h in cH2C1 2,

benzocoumarin (~) and a small amount of polymeric peroxide were formed.

Under these conditions the reaction was essentially non-chemi l unil nescent.

However, addition of any one of several easily oxidized fluorescent molecules

resulted in readily detected chemi luminescence . The mechanism for chemi cal

light formation was probed by investigating the: 1) effect of the addi tives ’
structure, ii) reaction kinetics , lii) effect of sol vent polarity and

viscosity, iv) effect of reaction conditions on the products , v) chemilumi—

nescence emission , and vi) independent generation of proposed intermediates.

ihese studies show that the chemiluminescence of~~,does not proceed by the

one of the classical mechanisms . We propose a new general chemi cal light

producing scheme identified as chemi cally initiated electron exchange

luminescence .

I ‘p
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Chemical reactions that result in ligh t emission have been Intensively

Investigated for the past half century.3 Two general schemes have evolved

to explain most observations on these intriguing reactions. In the first

sequence, shown schematically in figure 1, a high energy reactant molecule

undergoes an exergonic reaction to generate an electronicafly exci ted state

of a product molecule. Subsequent fluorescence or phosphorescence from this

excited state species, or one deri ved from it, results in chemi lumfnescence .4

Examples of chemi l uminescent reagents currently though t to proceed along

this path are simply substi tuted l ,2-dioxetanes ,5 Dewar benzene and its

derivat ives ,6 lumino I ,7 and several other less well characterized systems.8

The second approach to chemical light generation is known as electro-

generated chemi luminescence (ed ), shown schematically in figure 2.~ In

this procedure, a rad ical anion, usually formed by the reduction of a

suitable species at a cathode, and a radical cation , typically the resul t

of a one electron oxidation , form a diffusive encounter pair and mutually

annih ilate. The result of the charge annihilation is an electronically

excited state species which may then go on to emi t a photon of light.

Light yields of typical ed reactions are low because of the required

diffusive encounter of two rather reactive species.

In this report we would like to fully descr ibe the findings from our

Investi gation of the chemi luminescence of diphenoyl peroxide (i).1 These

results have led to delineation of a new general mechanism for

chemiluminescence described as chemi cally initiated electron exchange

luminescence (CIEEL). Thi s mechan ism appears to expla in chemical light
generation in many importan t systems and provides for the ready rational i zation

of many of the most perplexing observations of chemi- and bioluminescent

systems . $ I
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RESULTS

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
The preparation of diphenoy l peroxide Q) has been reported

by Ramirez and coworkers1° and is shown in equation 1. Details of the
purification and characterization of peroxide ,~~ are given in the experimental
section.

~~~~~~~ P(OCH3)3 
03 

~~ II yo (1)

The thermolys i s of diphenoyl peroxide was carried out in seve ral

different solvents. The results in CH2C12 are typical. In this case,

heating a 1 x 1O~~ H solution under a ni trogen atmosphere, in the dark,

for 24 h at ca. 24° gave benzocoumnari n (~,
) in 75% yield and a polyireric

peroxide.

• 
.~~~~9 + ArH CH2CI2 

2 

÷ pOIyfl~~flC (2)

No diphenic ac id (
~,

) or diphenic anhydride 
~ 

coul d be detected as

reaction products under these condi tions .

The reaction of diphenoy l peroxide to form benzocourlarin (
~

) and

CO2 is exothermic by ca. 70 kcal/mole. The acti vati on energy (see below) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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for this reaction is Ca. 24 kcal/mole. Thus, at the transition state, the re

Is about 94 kcal/mole available for the formation of electronically excited

state products)’ The singlet energy of benzocoumarin (~,
) is estimated ~o

be Ca. 88 kcal /mole. There fore , formation of excited singlet benzocoumarin

is thermodynamically permi tted. However , it is observed that photoexcite d

benzocoumari n is essentially non-fl uorescent. Thus , no chemi lutninescence

is expected or detected during thermolysis of solutions of diphenoyl

peroxide (~~). If electronically excited benzocoumarl n is formed during

thermolysis of ~~ , its presence should be confirmed with an energy transfer

(trapping) reaction to a suitabl e emitting acceptor. Biacetyl , wh i ch has

accessible emissive singlet and triplet states, and 9,lO-d i bromoanthracene

(DBA) which can undergo both singlet-singlet and triplet-singlet energy

transfer, do not produce sensiti zed chemi luminescence ~:hen added to

solutions of in  CH2C12, 
12 These observations make the possibility remote

that high yields of electronically excited benzocoumari n are formed

during thermolysis of peroxide ),.

Bright, readily seen , chemilumi nescence from thermolysis of diphenoy l

peroxide is observed, however, when any one of several rel ati vely easi ly

oxidized emi tting molecules is added to solutions of )
~
. For example,

addition of 9,10-diphenylanthracene (DPA) to in cH2Cl2 resul ts in DPA

fluorescence. This observation further supports the proposal that no

detectable amount of excite d benzocoumarin is formed during the rmolysis of

Instead DPA must be exci ted by some mechanism other thar conventional

energy transfe r since singlet-singlet energy transfe r to DPA and OBA should

occur with the same rate. Moreover, we observe that the rate of reaction

of peroxide 
~ 

is accelerated by the added molecule when chemi l uminescence

results. Thus, we refer to these additives as the catalytic chemiluminescence

activators.

.. 
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We find that the activator concentration is essentially constant

(see below) during the reaction with peroxide J~ and that the rate
acceleration is di rectly proportional to the concentration of the activdtor.

These results are consistent wi th the simple kinetic law shown in equation 3,

where kobsd is the rate constant for the observed first-order decrease in

the concentration of peroxi de ,~,, 
k1 and k 2 are the rate constan ts for the

unimolecular and activator induced reactions respective ly. Also consistent

with this rate law , the reaction of follows strictly fi rst-order kinetics

and the chemiluminescence intensity is directly proportional to the concentration

of peroxide ),~
. The kinetic analyses for the thermolysis of with a variety

of activators is shown in figure 3 and the kinetic data suninarized in

Table 1.

kobsd = k1 + k2 [Ac tivator] (3)

The products of thermolysis of peroxide ~ depend upon the reaction path .

In the presence of a quanti ty of rubrene (the catalytic chemi luminescence

activator) si ffi cient to insure that essentially all of reacts

by the bimolecular path , the reaction produc ts are benzocouma rin and polymer

(as in the uncatalyzed reacti on), singlet excited rubrene and diphenic

acid. ’3 The exci ted rubrene singlet is , of course , responsible for the

observed chemiluminescence . Since the diphenic acid is only produced in

the presence of the acti vato r it must arise by the induced bimolecular path .

To further demonstrate that the chemi luminescence is the result of the

bimolecul ar reacti on , the effect of catalytic acti vator concentration on

the chemi luminescence intensity was probed. As shown in figure 4, the

reciprocal of the relative ligh t yield is a linearly increasing function of

the reciprocal of activator concentration , in this case DPA. This observation

Is consisten t only wi th excited state production resulting from the bimolecular

reaction of peroxide 1 wi th the activator.
“I

S
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The magnitude of the bimolecular rate constant, k2, is strongly dependent

upon the structure of the catalytic chemi l uruinescence activator. From the

data in Table 1 it is clear that the rate constant k1 (the intercept in

figure 3) does not depend upon the structure of the activator. ~bst

significantly, it is observed that the magnitude of the bimolecu lar rate

cons tan t k2 (the slope in figure 3) is inversely correlated with the one

electron oxidation potential of the chemi l uniinescence activator. As shown in

f i gure 5, an increase in the oxi dation potential of the acti vato r causes a

decrease in the magn itude of k2. This observation is consistent with

electron transfe r from the ac ti va tor to dip henoyl perox ide in the ra te

determining step of the chemil umi nescent process.~
4 And this also explains why

the relatively difficultly oxidized biacetyl and DBA molecules do not cause

light production .

The effect of acti vator structure on the reaction rate is reflected in

the free energy of activation for the cata lytic light pa th. As shown in

Table 2, the acti vation energy for the bimolecular reaction varies with

activator structure. These activation energies were determined by two

Independent techniques. The f i rst techni que invol ves measuremen t of the

effect of temperature on the magni tude of the bimolec ular rate constants

(kinetics). This procedure yields thermal data on the entire bimolecular

path. The second technique used probes the -effect of temperature on the

chemiluminescence light yield (intensity). - This approach generates

acti vation parameters for only that port ion of the reaction that leads to

l igh t em iss ion. 15 A si gnifi cant result , shown in Table 2, is. that for cases

studied , the activation energies determined by these two independent techniques

are identical. This result Implies that the induced decomposition and the

ligh t forming reaction path have the same rate determining step. This finding is

consistent wi th light formation as a result of the bimolecular electron transfer

interaction . 
I
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Effect of Solvent on the Chemi l umi nescence
~Iwwwv ~~~w vvvw~~~~~~~~~~

•

To further examine the light forming path, the infl uence of sol vent

dielectric constant (Table 3) and viscosity (Table 4) on both the magn i tude

of the bimol ecular rate constant and the efficiency of ligh t production was

Investigated. The data in Table 3 show that, in general , as the dielec tr i c

constant of the sol vent increases , the bimolecu lar reaction of diphenoy l

peroxide wi th the activator (perylene in this case) proceeds with a larger

rate constant. Benzene is ti~c exception and this may be due to the high

~olarizabi1ity of the ii electron cloud for this solvent. 16 Also , the data

in Table 3 show that the efficiency of excited state production along the

bimolecular path generally decreases as the solvent dielectric constant

increases, again benzene being the exception. Thus, although the catalytic

acti vator rate constant increases , the fraction of the reactions that

proceed by this route that ultimately lead to an electron ically excited

product goes down as the dielectri c constant for the solvent goes up. These

observati ons are consistent wi th a reaction path that creates charge in the

rate determining step and in which a subsequent step on the light forming

path is in competition wi th a charged species diffusing away from and never

returning to the light path .

The effect of solvent viscosity is shown~in Table 4. These da ta show

that ;as the solven t v iscos ity i s increased, the efficiency of excited state

generation by the bimolecular path also increases. This observation is again

consistent with the notion that diffusion of an intermediate from the initial

sol vent cage is in competition with excited state fo rmation.

Spectra l Examinat ion of Diphenoyl Peroxide Chemi luininescence
~~~~~~w w__ ww vw_www~w\~~

The spectrum of the chemi luminescence emission from diphenoyl peroxide



and various activators reveals some important information about the

mechanism for the gene ration of the electronical ly excited state. In the

case when the catalyti c ac ti vator is an arorn.3t ic hydrocarbo n, the

chemi l umi nescence emission spectrum is i dentical to the photoexcf ted

fluorescence of the hydrocarbon. When triphenylamine or ~-phenylcarbazo1e

is employed as the catalytic acti vator , chemi l uminescence is still observed ,

the decay rate still depends on activator concentration , and the magnitude

• of the bimolecular rate constant is predictable from the activator oxidation

potential. However , the chemi luminescence spectra no longe r correspon d

to the acti vato r fhi3rescence spectra . In these cases , the chemi luminescence

emission spectra are broad, structureless , and shifted toward lower energy

from the normal fl uorescence . Also , wi th the amine acti vators the

chemiluminescence is rapidly quenched by the addi tion of polar sol vents

such as acetonitrile. This behavior is consistent w ith fo rmation of , and

emission from, an exciplex resulting from reaction of with the amine .17

This concl usion is confi rmed by •the behavior of photoexcite d solutions

of benzocoumarin and triphenyl amine. At hi gh concentrations of benzocoumarin ,

the normal fl uorescence of triphenylamine is quenched and a new emission

appears wi th a maximum at 450 nm, see figure 6. This photoexcited exc iplex

emission is identical in all respects to the chemi lumi nescence from

diphenoyl peroxide and triphenylamine. Signifi cantly, there is no

detectable triphenyl amine fluorescence component in the chemiluminescence

emis~ion. Thus , the exciplex must be the initially forme d electronically

excited species in this reaction . That is , the exc iplex is not formed

by a diffusive encounte r of an excite d triphenyl amine with a ground state

benzocoumarin. - 
. 

-

1

I
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I
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The yield of electronically excited states by the induced path for

diphenoyl peroxide and perylene was dete rmined by compa rison with the yield

of excited acetone from tetramethyldioxetane . This analysis shows that in

CH2C12 at 32°, 10 ± 5% of the diphenoy l peroxi de molecules that react by the

bimolecular path lead to the formation of a perylene singlet excited state.

Detection of the triplet excited state of the aromatic hydrocarbon is much

more di fficult because these states are essential ly non-emissive in fluid
- 

solution)8 Mo reover , the low energy of typ ical aroma tic tr iple t sta tes

mi tigates aga ins t eff icien t energy trans fer to an emitter. An except ion

to this last generalization is chrysene.19 The lowest excited triplet of this

molecule has been located at 57 kcal/mole above the ground state. Thus ,

this triplet is sufficiently energetic to permit efficient energy transfer

to the emissive triplet of biacetyl. Whc’ diphenoy l peroxide is reacted

with chrysene in the presence of biacetyl , no biacetyl phosp horescence

Is detected. Therefore , at least under these condi tions , the formation of

the triplet excited state of the aromatic hydrocarbon appears to be

considerably less efficient than excited singlet formation .

The relative light yield for the series of aromatic hydrocarbons

studied is shown in Table 5. At fixed diphenóyl peroxide and activator

concentration, the light yield re flects the competition between unimolecular

and in duced reaction of peroxide 1. Thus, compar i son of the chem i lu mi nesce nce
I’,

Intensity of rubrene and DPA acti vated systems at identica l concentrati ons

shows that about 200 times more ligh t is generated by the rubrene than DPA.

Normalization of the observed relati ve light yields for the measured value

of the bimolecular ra te cons tan ts ( k2) and fluorescence yields of the

hydrocarbons shows that the lioht forming efficiency is essential ly independent

of the nature of the 

aTl::toI:~ 
:‘:
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that af ter the in iti al catal ytic even t, the factors that control

partitioning between excited and ground state products are approximately

independent of the nature of the activator.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Several attempts were made to detect a stable ground state comp lex

between diphenoyl peroxi de and the catalytic chemiluminescence activa tors.

Two approaches were empl oyed. The first measure s the effect of added

peroxi de on the uv-visible absorption spectrum of the activator. 20 In particular ,

It is found that peroxide ~ has no affect on the absorption spectrum of

rubrene. The absorption spectrum of the mixture is quantitatively the sum

of the spectrum of the components . The second technique measures the

oxidation potential of the activator in the presence of va rying amounts of

peroxi de )~,.
21 Again for the case of rubrene in CH2C12, no affect  of added

diphenoyl peroxide on the ox ida ti on poten tia l was observed . These f ind in gs

Indicate that a high steady state concentration of a relatively stable

complex between rubrene and peroxide ~ is not formed in these cases.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I Electron transfer from the chemi l umin&scence activator to diphenoyl

peroxide followed by cleavage of the oxygen-oxygen bond in is expected to

generate the 2,2’-dicarboxybiphenyl radical anion S (Scheme 1 ). This species

is a postulated key intermediate in the formation of benzocoumarin during

chemi l uminescence of~ , (see discussion below). As a test of this proposa1~

radical anion was generated by an independent route. 

~~~~~~~~~~~ - . - ~~~ - --
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The reaction of diphenic anhydride with potassium tertiary hydroperoxide

in refluxing TIff results in the formation of benzocoumari n ~ . We suggest

that this reaction involves thermal cleavage of the oxygen-oxy gen bond in

peroxi de ~22 to generate the desired radical anion ~ , (Scheme 1). While

other pathways can be written, the formation of benzocoumari n under conditions

which we consider to generate ~ , a precursor to benzocoumar i n in the

chemiluminescent reaction of wi th the acti vators , clearly can be taken to

support the postulates of Schemes 1 and 2 (see below).

DISCUSSION

Chemical light generation from the reacti on of diphenoyl peroxide

wi th the chemiluminescence activators does not occur by the con~only

considered reaction path shown in figure 1. Many of our observat ions

are inconsis tent wi th this mechan i sm. Mos t si gnifi cantly, the specific

involvement of the activa tor in the chemi cal step responsible for in i t i a l

excited state production rules out the “classicaV’ explanation . In

Sch~me 2 a mechanism consistent wi th the experimental findings is shown.

We designate this pathway chemically initiated electron exchange l uminescence

(CIEEL).

In this scheme , the initiating step in the li gh t generat ing sequence

is an electron transfer from the activator to peroxi de 3,. Follow ing

this transfe r, ~the reduced , peroxide cleaves and loses CO2. Cyclization of

4

L ~~~~~~~~~~~~~~~~~~~~~~~
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the decarboxylated intermediate generates benzocoumarin radical anion .

Annihilat ion of the benzocoumarin radical anion and the activator

radical cation results in excited state generation .

The init iating, and rate determining, reac tion in the proposed C IEEL

mechan i sm is an elec tron trans fer from the chem i lum i nescence act i va tor

to the diphenoyl peroxide . The experimental evidence for this step is quite

concl us i ve. The rate constan t for this process is the bimolecular

parameter k2. Cri tically, the activation energy, and hence the ma gnit ude

of k2, for the electron transfer must depend upon the oxidation potential

of the activator (E0~
), the reduction potential of peroxide 

~ ~~~~~ 
and

the coulomb ic attrac tive force between the develop ing oppos itely char ged

radical ions according to equation 4, where e is the electronic charge,

c the dielec tric cons tan t, and R0 the d istance between the ions at the

= A•exp_ (Eox - Ered --.~—~/RT (4)

transition state. Signi ficantly, equation 4 predicts that for a given

solvent the magnitude of the rate constant for electron transfer from the

activator to peroxide ~ should be determined by E0~
. This prediction is

exactly the observed result. The correlation of log k2 with

shown in figure 5, is gen eral for acti vators of di verse structure and

composition. It is important to note that no other parameter, such as

singlet energy, absorpti on spec trum , fluorescence efficiency , or l ifetime

of t~e activato r, correla tes with the measured value of k2.
Polarographic and cyclic vol tammetric studies of diacyl peroxide

reductions show an i rreversible wave.23 This finding is interpreted to

indicate that a rapid chemical reaction follows injection of the electron

into the LU~1~ of ~~. We surmise that the LUMO of diphenoyl peroxide strongly

vese~th1es the anti bonding %o* orbital local ized on the oxygen-oxygen bond.
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Thus, we assoc i ate the chemical reac t ion follow ing one elec tron

reduction of 3,, wi th cleavage of the oxygen-oxygen bond to generate the
ring opened radical anion

The exothermic back electron transfer to regenerate starting

materials is in competition with cleavage of the oxygen-oxygen bond.

Parti tioning between ring opening and reverse electron transfe r may be

responsible for the effect of sol vent dielectri c constant we observe on

• the magn i tude of k2. According to this interpretation , for high dielectri c

constan t sol ven ts , the radical ions formed by the electron transfer are

stabilized relative to low dielectri c constant solvents . This stabilization

results in a decrease in the exothermicity , and therefore the rate of the

back electron transfer. Since the cleavage of the oxygen-oxygen bond

does not result in creation or destruction of charge, its rate should be

more or less independent of solvent polarity . Thus, the increase in k2 in

high dielec tr ic cons tan t solven ts can be a resul t of re tar di ng the reaction

rate for regenera tion of star ting materials and is cons isten t with elec tron

transfer from the acti vator to diphenoyl peroxide as the rate determining

step in the light generating sequence.

A second possible explanation for the observed solvent polari ty effect

is based upon the infl uence of the dielectric constant on E0~ 
and Ered~

It is generally observed that the magni tude of the oxidation and reduction

potential for a substrate is solvent dependent.24 Thus, i n the mo re
I

polar solven t, the ma gn i tude of k2 is lar ger due to a decrease in the barr ier

for oxidation of the activator and reduction of peroxide ~~. Importantly,

this interpretation also implicates electron transfer as the rate limi ting

step in the chemi l umi nescent sequence.

Cleavage of the oxygen-oxygen bond in the reduced peroxi de generates

radical anion ~~. To form benzocoumarin , the observed product , this species

must lose the elemen ts of CO2 and cyclize . The exact mechanism for CO2
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loss Is not known at the present time and is under study . However , the

Independent generation of this suspected inte rmediute from the reaction of

diphenic anhydride with potassium tert-butyl hydroperoxide indicatcs that

this route for benzocoumarin formation is available.

Decarboxylation of the benzoyloxy radical is known to be competitive

with di ffusion from the solvent cage.25 We sug gest that decar boxyla tion

of 5 (Path A , Scheme 2) is also in competition wi th diffusion from the

initial sol vent cage (Path B, Scheme 2). Ev idence for this proposal

comes from three sources. First, the reduced yield for excited state

generation in high dielectri c constant solvents is consistent wi th this

proposal . The rate of diffus ion of rad ical an ion 5 from the reac ti on

cage will depend on sol vent dielectric constant because of the presence of

the radical cation of the activator within the cage. Thus , a polar sol ven t

would be expected tc permi t more rapid cage escape. Once the ions have

escaped the solvent cage, the probability for generation of a chemil uminescent

photon then becomes very low. Evidence for this conclusion derives from the

observation of the almost negligible effect that additives such as 02 and

tetrame thyle thylene , wh i ch are expec ted to react rap idl y with the rad i cal

ions, have on the efficiency of li ght produc tion by the CIEEL path.

The second line of evidence that shows that decarboxylati on is

competitive with cage escape comes from the effect of solvent viscosity

on. tha light yield. The data in Table 3 irfdicates that , for the cases

stud ied , the fraction of the diphenoyl peroxide molecules that participate

in the electron transfer reaction that ultimately generate a photon goes

up as the solvent v iscos ity incre ases. Of par ticu lar relevance i s t he

comparison of cH~Cl 2 and dimethy lphthalate. These solvents have very similar

dielectric constants but quite di fferent viscosi ties. The relative light

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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yield in the more viscous dimethy l phthalate is 3.5 times that in cH2C12.
We Interpret this finding to show that the reaction sequence leading to

light generation is at some point in competition wi th diffusion. We

surmise that this competiti on is between the decarboxylation of and

the separation of the radical ions.

Finally, the detection of di phen ic ac id as a product of the reaction
of diphenoyl peroxi de wi th the acti vator indicates that an undecarboxylated

species is available for reaction under these conditions. Signi ficantly,

we detect no diphenic acid when the thermal decomposition of is carried

out in the absence of the activator. We conclude that the most probable

precusor to the acid is the cage escaped radical anion ~,. In terac tion

of th is species with sol ven t, CH2C12 in this case, resul ting in a hydrogen

atom abstraction is anticipated to result in the observed diphenic acid.

Also, we find that ur.der the conditi ons that result in the formation of

diphen ic acid a small amount (Ca. 5Z) of the catalytic activator is consumed

during the reaction. This finding is consistent wi th our suggestion that

separation of the radical ions is in competition with excited state

generation . Thus the escaped activator radical cation is irreversibly

consumed during the reaction.

Based upon these findings , we suggest that the major factor determining

the efficiency of excited state generation fr-em peroxide ~, by the CIEEL

aiech~nism is the rate of decarboxylation of-radical anion ~. If

decarboxylation occurs wi thin the initial solvent cage containing the

activator radical cation , then an electronically excited state will ultimately

result, see below. In competition wi th decarboxylation is di ffusion t
of from the solvent cage and , possibly, endotherm i c26 elec tron trans fer

from to the acti vator radical cation. Thts electro n transfe r genera tes

I 
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neutral activator and the 2,2’-dicarbo xydiphenyl di radical . Free

radical anion ~~, 
may, amo n g other possibilities , lead to the observed diphenic

acid. The bi radical can generate the observed polymeric peroxide.

Thermochemical calculations indicate that decarboxylati on of

followed by ring closure is exothermic by ca. 10-20 kcal/mole. 27 Thus we

suugest that if the decarboxylation-r ing closure sequence is step-wise ,

the decarboxylation of is slow and closure to form the radical anion of

benzocoumarin is rapid. Al ternatively, the ring-closure and decarboxylation

can occur simul taneous ly . In ei ther even t, the resul t is the same .

Benzocoumarin radical anion is formed in the same solvent cage as the activator

rad ical ca tion.

The penultimate step in the light generating CIEEL sequence is charge

annihilation of the cage radical ions resulting in generation of an electronically

excited state species. Electrochemical studies of benzocoumari n indicate

that the radical anion is 1.92 eV vs. SCE higher in energy than the
- neutral form. Thi s energy pl us ~the energy of the radical cation of the

activator is available for excited state generation. For the hydrocarbon

activators investi gated , sufficient energy is released during the charge

annihilati on to generate directly the excited singlet state of the hydrocarbon.

Conclus ive evidence that the benzo couma rin and the ca talytic chem i lumt nescence

activator are together wi thin the same so1v~n t cage at the ins tant of

excited state generation comes from the study of the exciplex formed with

trlphenylamine. In this case, onl y the exc ipl ex em iss i on is seen dur in g

the chemiluminescence experi ment. If the exciplex was a resul t of a

diffusive encounter of an exc i ted trip henylam ine s i ngle t wi th ground

state benzocoumarin We should have detected f.Iuorescence from the

triphenylamine as well. Furthermore , exc i plex forma ti on as a result of the

diffusive encounter of the excited singlet of benzocoumarin with ground • 

~~~~~~~~~~~ - -~~~~~~~•— -—.-•~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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state triphenylamine is eliminated for several reasons. First, it has

not been possibl e to detect excited benzocoumarin in solution by energy

transfer to any one of several expected accepto rs . In parti cular ,

9,10—d ibromoanthracene , whi ch cannot unde rgo CI EEL due to its high oxidation

potential , generates no detectable chemi l uminescence when used as activator.28

Second , based upon the estimated radiative lifetime of benzocoumarin , and

the lack of detectable fluorescen ce from thi s mo l ecule , we calcula te the

lifet ime of the sin gle t state to be no greater than 1 nsec. 29 Under the

conditions of the chemi luminescence experimen t, a diffus ive encoun ter of

such a short lived species with tripheny l amine is quite improbabl e and cannot

accoun t for the observe d eff icient chem il um inescence . Thus , the only way

that exciplex emission can result from this reaction is that the required

partners be together before the excited state is created. Thus , the

activator and peroxide are together for the rate determining electron

transfer and are together for excited state generation . Consistent with

the observed solvent effects and~prod uct stud ies , we sugges t that the

entire light generating sequence occurs within the initial sol vent cage.

The yiel d of electron i call y exc ited states from the CIEE L process

can be quite high . We have determined that ca. 10% of the diphenoy l

peroxide molecul es that participate in the CIEEL process with perylene

In CH2C12 at 32° genera te an excited perylene .singlet state. This

represents one of the highest singlet yields. observed for a chemi l uminescent
I

reaction. If spin equilibration occurs at some time during the reaction

sequence leading to chemi luminescence then we would anticipate that the

majority of the excited states produced would be of triplet multiplicity .

Several unsuccessful attempts were made to detect the triplet excited

state of the chemilumi nescence activators . There are numerous experimental 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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problems associated with the detection of the non-emissive relati vely

low energy triplet state of the hydrocarbon activators . flevertheless,

If the yield of excited triplets is at least comparable to the singlet

yield , we should detect them by our procedure. Thus, we can tentatively

conc l ude that chemi luminescence by CIEEL appears to favor the formation

of singlet excited states, at least for diphenoy l peroxide .

The mechanism for light generation from diphenoy l peroxide and

various catalytic chemi l umi nescence activators does not conforiii to

previously considered schemes. The reaction sequence described as chemically

ini tiated elec tron exc hange lum inescence appears to accommoda te the

experimental observations . In particular , the kinetic dependency on

• Eox~ 
the observe d solven t dielectric cons tant an d viscos ity depend ence ,

the nature of the isolated products as well as the di rect generation of

exciplex emission are all consistent wi th the reaction path shown in

Scheme 2. We are continuing to probe the details of each of the steps

In this sequence .

~ONCLUS I Ot~

The reaction sequence for chemical light generation by electron exchange

that we have described in this paper in terms of the reactions of diphenoyl

peroxide provides a new mechanism for chernilumi nescence. The CIEEL process

Is ~apab1e of generating remarkably high yields of electronically excited

state molecules. It is potentially applicabl e to many chemi- and

bioluminescent phenomena which have previously been rationalized in other

~~~~30 
-

We would also like to note some additional recently discovered examples 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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of the CIEEL process. Thermal cleavage of a dioxetanone has been shown

to be a key step in the chemi luminescence and biol uminescence of many

efficient li ght producing systems.31 Our investigation of dimethyldioxe tanone

has shown the CIEEL process to be operative for these molecules. 32 Anothe r

case is that of our recently discove red chemi l uminescent reaction of

diphenyl-ortho-x,ylylene peroxide .33 In this case , the initial electron
transfer generates the final ion pair di rectly and circumvents the intermediate

chemical reactions. Finally, we woul d like to suggest that electron exchange

may also be respons ible for many reac tions of perox ides i n solu tion.

For example , Dervan ’s33 recent observations on the chemistry of succinoyl

peroxides can be a result of an electron transfer from a diradical intermediate

to the starting peroxide. The resulting radical ion species would then

generate the observe d products.

It appears that the most efficient chemi lumi nescent processes

may now be postulated to proceed by the CIEEL mechanism. Examples are

chemi l uminescence due to subs tituted aryl oxala te esters , known to be

catalyzed by aroma tic hyd rocarbons , and of simple dioxetanes and

dioxetanones containing easily oxidized substi tuents , which are particularly

reactive and usual ly genera te high yiel ds of elec tron i call y excited singlets.

In suninary, the findings reported herein generate many new possible

approaches to preparing and understanding chemi luminescence in particular

and.~the behavior of high energy content molecules in general. We are

continuing to expand ot~r probe into the chemi stry of this new reaction

path.

- ‘ . . - -~~~~~ -- - -- - - ~--~~~~~- - ‘~~ ~~~~-- .- -‘ -~~~~~- .~~~~~~~~~~~ ‘ - --~~---- - - .-~~--~~~~ 
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EXPER II’ENTA L

All melting points are uncorrected. The sol vents used for

measureme n t of chemi l um i nesce nce emiss i on spectra , kinetics and fluorescence

spectra were spectrograde and used as received unless otherwise indicated.

Perylene, diphenyl anthracene (DPA), and anthracene (99.9:; pure) were used as

purchased from Al d r ich . Na phthacene an d coronene were recrysta lli zed in

spectrograde benzene (Fisher). Rubrene was purified by chromatography

on A1203 and recrystallized in spectrograde benzene. The triphenylamine

(Aldrich) was puri fied by recrystallization three times in n—hexane:benzene

(10:1) and finally sublimation. The photon counting technique with an EMI

9813 photomul tip l ier was used for measureme nts of chemi lu mi nescen ce emiss ion

spectra and kinetics . A Farrand Mark I Spectrofluorometer was employed

for obtaining fluorescence spectra of the aromatic hydrocarbons. A

Yarian Aerograph Series 2700 was used for analytical gas chromatography.

Diphenoyl Perox ide ~. ~, was prepa red by the ozonol ys is p rocedure of

~~~~~~~~~~~~~~~~~~~~~~ accomplished by repeated recrystallization

from MeOH/CH2C12 at -20° an d gave pal e yellow nee dles tha t decomposed at

Ca. 130. Molecular weight determination by vapor pressure osmometry indicated

that the compound was monomeric and peroxide ti tration showed that it was

at 1least 95% pure.

Exciplex Emission from and Triphenyl amine. The chemfluminescence
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~emission from ~ (1.2 x l0 M) and Ph3~I (3.8 x ~~ - 1.4 x 10 M) in

benzene (Fisher, spectrograd e) at 32. 6° showed a structur eless bro ad

peak with maximum intensity at 450 nm. This spectrum was identica l to the

spectrum which emerges when a nitrogen-purged solution of berizocoumarin 

-~~-—- - --~~~~~~~~~~~~~~ .-~~~~~‘ --“ ~~~~~~~ -- - - - - -~~~~~~~~~~~~~ ‘.~~~~~--~~~~~“--
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H) and Ph3N (2.7 x lO~~ H) in benzene was irr ad i ca ted at

359 nm at room temperature. When benzocoumarin and Ph3~ we re

photoexc i ted in benzene separately , there was no emission at 455 nm.

The chemi l uminescence intensity of ~,and Ph3N reached a max imu m wi th
benzene: cH3CN 

= 43:7 and thereafter decreased rapidly upon further

addi tion of CH3CN.

Chem ical Y iel ds from the Reac tion of wi th Var ious Aroma tic
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Hydrocarbons.
~~wwwvvv~~~~

a. Yields of Benzocoumarin from DPP alone.

A solution of ~ (3.30 mg, 0.0138 mol) in 130 ml of cH2C12 was

purged with nitrogen for 4 mm , wrapped wi th aluminum foil , and stirred

for 24 hr under nitrogen at room temperature. The volume of the solution

was reduced to ca. 3 ml and the resulting solution was transferred to a

5 ml volumetr ic flask. Benzocouma rin was the only prnd uct detected by gas

chromatography (SE-3D 3% on Chrom G, 4 ft glass column at 200°). The

yield of benzocoumarin was determined to be 75% by using an authenti c

sample.

b. Yields of Benzocoumari n and Diphenic acid from the Reaction of DPP

with Rubrene.

A solution of ],~ (2.50 mg, 0.0104 mirnl) and rubrene (28 nig, 0.053 ninol)

in 50 ~l. of cH2C12 was purged with nitrogen for 4 mm , wrapped with aluminum
I

foil, an d stirred for 3 hr under n it rogen at room tempera ture . Fol lowin g

the same procedure as above , the yield of benzocoumarin was determined to

be 74% by gas-chromatographic analysis.

A sol uti on of ,1~(8.lO mg, 0.0337 mmol) and rubrene (24.6 mg, 0.0462 mmol)

in 70 ml of CH2C12, was treated as above. After reducing the vol ume of the 

-~~~~ -~~ - - -~~~~~~ -~~~ ‘~~~~~~~~~~~~~~~~~~ -~~~~ - - -~~~~~~~~~ -~~~ 
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reaction mixture to about 5 ml , the resulting solution was treated with

an excess of diazomethane (generated via Diazald obtained from Aldri ch) for

1 hr at room tempera ture. The volume of the resulti ng mixture was fur ther

reduced in vacuo and transferred to a 5 ml vo l ume tr ic flas k. Ben zocouma ri n

(60% yield) and dimethyl diphenate (4% yield) were detected by gas chromatography

(SE-3D 3% on Chrom G, 4 ft glass column at 190°) by comparison wi th authenti c

samples ~~

Note that no diphenic acid from reaction of 1 alone was detected as

Its dimethyl ester by gas chromatography under conditions identical to those

above, and that benzocoumarin (62% yield) was the only detectable

decomposition product of DPP after treatment wi th diazomethane .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Potassium

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
A solution of diphenic anhydri de

(1.5 g, 0.0070 mol) and potassium tert-butylhydroperoxi de (0.050 g, 0.0039 mol)

in 50 ml of dry THE was refluxed under nitrogen for 1 day. After reducing

the vol ume of the reaction mixture to ca. 10 ml , the resulting suspension

was poured on to 100 ml of lN H2S04. The mi xture was extracted with CH2C12
(3 x 30 ml) and the combined extracts were washed wi th 5% Na2CO3 (2 x 50 m l )

then brine , and dr ied over anhydrous Na2SO4. After evaporation of the

solvent, the residue was chromatographed on silica gel using CH2C12:Hexane

(1:1). The first fraction gave a white sol-id (60 my) that was identical wi th

that of an authentic sample of benzocoumarin. The yield of benzocoumarin

was determined to be 30% based upon the consumed hydroperoxide.
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Table 1. Effect of activator structure and oxidation potential on un i-

and bimolecular reaction of diphenoy l peroxi de in CH2C12 at 32.5°.

Activa tor E0~ (eV)~- k1 x 1O4 (sec~~) f k~ (M sec~~

Rubrene O.82p 4.57 ± O.O4~ 14.7 ± 0.6

Tetracene 0.95~ 5.4 ± 0.2 4.52 ± 0.04

Triphenyl amine 0.92! 4.2 ± C.2 2.60 ± 0.03

Perylene 1.06~- 4.45 ± 0.07 1.45 ± 0.01

CPA 1.22~- 4.3 ± 0.1 0.103 ± 0.004

Coronene 1.23~
. 4.74 ± 0.1 0.100 ± 0.001

Anthracene 1.35~- 4.94 ± 0.05 0.056 ± 0.001

Pyrene l.36~ 
- 4.0 ± 0.5 0.034 ± 0.005 

—
vs. SCE. In CH2C12, C. K. Mann and K. K. Barnes, “Elec trochemical Reactions

in Non-Aqueous Systems” , Marce l Dekker , New York , N.Y., 1970. ~-Al 1 errors are

standard deviations calculated by the least squares technique . V. 0. Parker,

J. Am. Chem. Soc., ~~,98 (1976). 
!~E. T. Seo, R. F. Nelson , J. M. Fri tsch ,

1. S. Marcoux, 0. W. Leedy, and R. N. Adams , J. Am. Chem. Soc., ~~, 3498 (1966).
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Table 5. Effect of activator structure on light yield and ligh t

efficiency for diphenoy l peroxide in CH2C12 at 32.5°.

Norma l i zed Norma li zed
Activator Light Yiel d~

a_ Light Efficiencyb

OPA 1 1.0

Coronene 1 1.0

Perylene. 19 L3

Tetracene 56 1.2

Rubrene 220 1.5

-
~~~ Observed total photon yield corrected for photomulti plier tube

response , monoc h ror~ater efficiency and fluorescence efficiency normalized

so that DPA = 1.0. Efficiency of excited state generation for those

diphenoyl peroxide moleucles that react by the CIEEL path .
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Captions for Figures

Figure 1. Conventional chemi l uminescence of organic molecules.

Figure 2. General pathway for electrogenerated chemilurilnescence.

Fi gure 3. The effect of Ucti vator structure and activator concentration

on the observe d f i rs t order decay of Diphenoy l Perox ide:

s~~~~~ rubrene; s~Y- naphthacene ;~~’~- perylene;o—o - DPA;

fr~
, - pyrene.

Figure 4. Reciprocal plot of cherni l uminescent intensity against concentration

of DPA in CH2C12 at 32°.

Figure 5. Correlation of the magnitude of k2 with the oxidation potential

of the activators. In order of decreasing E0~ 
the points are:

Rubrene , Naphthacene, Perylene , DPA , Chrysene , Pyrene.

Fi gure 6. Fl uorescen ce, chemi lum i nescence, and exciplex emission from the

triphenylanine system. All spectra were recorded at room

temperature in benzene solution.
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